The molecular basis of an avian plumage polymorphism in the wild: A melanocortin-1-receptor point mutation is perfectly associated with the melanic plumage morph of the bananaquit, haplotypes suggests that they have been under stabilizing selection, whereas strong selective constraint on melanic haplotypes is absent.
Results:
We sequenced the MC1R gene from four Caribbean populations of the bananaquit; two populations of the yellow morph and two
Background
on Los Testigos and Los Roques islands off the northern coast of Venezuela ( Figure 1 ) [4] . Melanic birds are almost The molecular basis of phenotypic diversity within species is of great interest to evolutionary biologists because completely black due to eumelanin deposition throughout all feathers. Melanic bananaquits retain the yellow carotadaptive morphological evolution depends on selection of genetic variants. However, there are few examples of enoid breast pigment found in yellow morph individuals, it is simply obscured by the darker eumelanin [4] . The phenotypic variation whose molecular basis is understood, especially in vertebrates. The study of avian plumage bananaquit populations on Grenada and St. Vincent are polymorphic, with melanic birds occupying moist forests polymorphisms is attractive in this regard, as many polymorphisms have been documented [1] , and recent work at low to high elevations and yellow morphs occupying dry lowland habitats [5, 6] . Narrow clines occur on both in domestic species has suggested candidate loci that may cause polymorphisms in wild populations [2, 3] .
islands where the yellow and melanic forms meet and mate randomly [5, 6] . The bananaquit (Coereba flaveola) is a small passerine bird that is widely distributed in the Neotropics. In most popu-
The melanocortin-1-receptor gene (MC1R) is expressed in the melanocytes of developing feathers and hairs and lations, all individuals have the typical, or "yellow morph," plumage that includes a white eye-stripe and bright yellow plays a critical role in the control of melanin synthesis [7] . MC1R is a seven transmembrane, G protein-coupled breast, but black individuals are common on the Lesser Antillean islands of Grenada and St. Vincent (GSV) and receptor that is activated by melanocyte-stimulating hor- substitution at amino acid position 92 of MC1R. All yellow bananaquits (n ϭ 39) were homozygous for guanine at this position, while all melanic individuals (n ϭ 29) had a homozygous adenine or were heterozygous for A/G (Fisher's combination between these positions within the MC1R gene has occurred since the melanic haploptype originated. mone (MSH), leading to an increase in black/brown euGiven the known association of a lysine at position 92, or melanin production in melanosomes that are then transits equivalent, with melanism in chickens and mice (see ferred to the surrounding feathers. In many domesticated vertebrate species, including chickens, gain-of-function Discussion), it is highly likely that this substitution is MC1R variants are associated with an increase in the proresponsible for the phenotypic change in bananaquits. duction of eumelanin, while loss-of-function mutations Accordingly, we define haplotypes with a lysine at posiare associated with an increase in red/yellow phaeomelation 92 as "melanic" and those with glutamate at position nin production (chickens [2, 3] , mice [8] , cattle [9] , horses 92 as "yellow". [10] , pigs [11] , sheep [12] , and dogs [13] ). MC1R variants are also associated with dark hair color in foxes [14] and Haplotypic diversity and evolution with the occurrence of red hair in humans [15, 16] .
MC1R haplotypes and the frequencies of the haplotypes in each population are shown in Figure 2 , and genotypes are shown in Figure 3 . Each population has between 6 In this study, we investigated the possibility that the and 16 haplotypes. Some yellow (Y1 and Y2) and melanic plumage differences between melanic and yellow ba-(M1 and M2) haplotypes are shared by both Grenada and nanaquits might be due to mutations in the MC1R gene.
St. Vincent, whereas others (Y3, and M3 on Grenada; and We show that melanic morphs carry a MC1R mutation Y4, M4, and M5 on St. Vincent) are island specific. All that is known to lead to the constitutive activation of the haplotypes on Puerto Rico are unique, and, with the ex-MC1R protein in mice and chickens, producing dark coat color in these species. Furthermore, we demonstrated that ception of a single Y2 haplotype, the Panamanian haplothe black morphs on Grenada and St. Vincent had a single types are also unique within our sample. Yellow and meevolutionary origin and that patterns of nucleotide substilanic haplotypes do not deviate from Hardy-Weinberg tution are suggestive of different selective forces among equilibrium on either Grenada (p ϭ 1.00) or St. Vincent yellow and melanic MC1R alleles.
(p ϭ 0.24).
On a haplotype network, the melanic haplotypes form a (Y1, Y11, Y17, Y18, Y19, Y22, and Y25) and is four mutawere synonymous and 7 were replacement substitutions tional steps nearer to these yellow haplotypes than to ( Figure 2 ). Two substitutions were observed in the 3Ј the nearest melanic haplotype (M1). Therefore, the most noncoding region. One nonsynonymous site showed a parsimonious interpretation of the haplotype network is perfect correlation with phenotype, a guanine (G) to adenine (A) transition at site 274 causing a glutamate to lysine that melanic haplotypes form a derived monophyletic diversity of yellow haplotypes on those islands. The yellow haplotypes on Grenada and St. Vincent are not closely related to the melanic haplotypes on these All pairwise F st values between populations were signifiislands and mostly cluster with the Panamanian alleles.
cantly greater than zero (data not shown). When considThe two most common yellow haplotypes on Grenada and St. Vincent, Y1 and Y2, are at least six mutational ered separately, melanic haplotypes on Grenada and St. steps away from the melanic haplotypes but only differ Vincent were significantly differentiated from each other by one substitution from the most common haplotype in (F st ϭ 0.366, p ϭ 0.00), whereas yellow haplotypes were Panama, Y5. The majority of Puerto Rican haplotypes not (F st ϭ 0.005, p ϭ 0.32). (all except Y25 and Y26) are separated from the other bananaquit haplotypes by a transversion at position 756.
Selection on yellow and melanic haplotypes
Three pairs of haplotypes, differing by a C-T transition Two of 4 (50%) substitutions among melanic haplotypes at position 90, are present among the Puerto Rican haploare nonsynonymous, whereas only 4 of 22 (18%) substitutypes (Y19 and Y20, Y22 and Y23, and Y25 and Y26), a tions among the yellow haplotypes lead to amino acid finding that is suggestive of recombination. Nonetheless, replacements, although this difference is not significant we deduce from the lack of recombinants between the (G ϭ 1.7, p ϭ 0.19, df ϭ 1). A McDonald-Kreitman test common haplotype classes that point substitution has [17] comparing yellow haplotypes with the outgroup sebeen more frequent than recombination in generating the quence (Table 2 ) revealed a significant excess of synonyobserved haplotype diversity. mous substitutions among yellow haplotypes. No significant differences were found in a McDonald -Kreitman Nucleotide diversity indices are greater for Grenada and St. Vincent than for Panamanian and Puerto Rican populatest among all haplotypes or among melanic haplotypes only, although the numbers involved in the latter case tions when all haplotypes are considered together (Table  1) , owing to the mixture of black and yellow alleles. Comare small. that the noncoding mutation at position 960 plays a role in altering transcriptional regulation in melanic bananaquits cannot be formally ruled out.
Our model of the constitutive activation of the MC1R protein coupled to the distribution of black feathers in the black and yellow color morphs of bananaquits warrants some preliminary speculation on the control of eumelanin production in this species. According to the model, the production of eumelanin throughout the plumage of melanic birds is solely dependent on the constitutive activation of the MC1R protein, and not changes in MC1R gene expression. Accordingly, the MC1R gene is also expressed throughout the plumage of yellow bananaquits. Therefore, control of regional eumelanin production in yellow birds must be due to the local variation in concentration of MSH and/or an MC1R antagonist, such as agouti protein.
The bananaquit MC1R data are consistent with the dominant inheritance of the melanic alleles, a finding further supported by pedigree analysis of MC1R inheritance in domestic animals [7] . Wunderle [5] had previously deduced the dominant inheritance of melanism from observations of plumage color of wild bananaquit pairs and their offspring. Considering all the data, it is likely that the Glu92Lys mutation causes a constitutively active MC1R protein that results in melanic plumage in bananaquits.
In vitro expression experiments to test this hypothesis are currently underway. the derived position of the melanic alleles in the haplotype network supports the hypothesis that there is a single origin of the black phenotype from a yellow ancestor. Furthermore, the restricted geographic distribution and Discussion lower diversity of melanic alleles is consistent with a rela-
Genotype-phenotype association
tively recent origin of the melanic alleles on one of the As far as we are aware, this is the first demonstration of islands where black bananaquits are currently found. Alan association between a nucleotide polymorphism and a though we cannot exclude the possibility that the melanic plumage polymorphism in a wild bird. The same glutaalleles originated elsewhere and are relictual at high fremate to lysine substitution identified here in bananaquits quency on Grenada and St. Vincent, the putative domiis associated with melanic plumage/pelage in chickens nance of the melanic alleles suggests that one would ob- [3] and mice [8] (see Figure 5) . Furthermore, in vitro serve the occasional melanic bananaquit in other locations experiments in E So-3J mice have demonstrated that this substitution causes the melanic coat, as it results in the even if the melanic alleles were in low frequency. We constitutive activation of the MC1R protein [8] (i.e., an are not aware of any observations of melanic bananquits MC1R that is continually active in the absence of MSH outside the populations on Grenada, St. Vincent, Los stimulation). In the chicken and mouse models, both norTestigos, and Los Roques. mal and constitutively active variants of the MC1R have a threonine at position 179, as in all melanic haplotypes The significant F st values between the melanic bananaquit haplotypes sampled on Grenada and St. Vincent in bananaquits. We cannot, therefore, rule out a permissive role of this mutation in generating the melanic haploindicate that these populations are exchanging few, if any, melanic alleles at the present time. This is not surprising type. Also, although we consider it unlikely, the possibility MC1R haplotype network. This is a minimumspanning network, except for substitutions at sites 534 and 735 that each occur at two places on the network. Circle areas are proportional to sample sizes. Each line segment represents a single substitution (with nucleotide positions numbered as in Figure 2 ), and thicker segments are replacement substitutions, with changes from the putative ancestral amino acid sequence of the MC1R gene identified and numbered. R represents the root represented by the outgroup sequences of the tanager Tangara cucullata, which differs from the bananaquit MC1R root sequence by eight substitutions (Figure 2 ). Melanic haplotypes are enclosed by the gray box.
given that melanic bananaquits are absent from the lowper se, but are caused by the dominant inheritance of melanism. lying Grenadine islands between Grenada and St. Vincent. Given the relationship between the melanic alleles pictured in Figure 4 , we presume that melanic banaTwo molecule-based perspectives on the evolutionary history of bananaquit populations naquits have previously occurred in the Grenadines and In addition to elucidating the molecular basis for melathat sea level highs and/or habitat changes have caused nism in bananaquits, the MC1R data permit insight into their extirpation from these islands. In contrast, our poputhe evolutionary relationships of GSV, Puerto Rico, and lation genetic analysis of the yellow MC1R alleles and Panama bananaquit populations. Furthermore, the netprevious analyses of mtDNA haplotypes [18] indicate rework of MC1R yellow alleles can be compared to precent or continuing gene flow between Grenada and St.
viously published mtDNA gene genealogies [18, 19] in Vincent, and the modern-day presence of yellow birds in order to provide independent perspectives on the phylothe Grenadines provides a mechanism for the interisland genetic history of bananaquit populations. The mtDNAmovement of MC1R yellow alleles and mtDNA. Thus, based bananaquit phylogeny separates birds from GSV, the absence of gene flow of melanic MC1R alleles between Puerto Rico, and Panama into three reciprocally monoGrenada and St. Vincent and the apparently restricted phyletic mtDNA clades that suggest relatively long peridispersal of melanic bananaquits across the Grenadines ods of independent evolutionary history. In contrast, there cannot be attributed to a lack of movement of bananaquits Positions of PCR and sequencing primers used in this study in relation to the MC1R open reading frame (hatched).
ply indicate that slower rates of MC1R nucleotide substitution and allele coalescence have yielded an unresolved polytomy between GSV, PR, and Panama that is fully resolved by mtDNA data. This explanation presumes that the rate of MC1R nucleotide substitution is slow relative to the rate of mtDNA diversification of bananaquit lineages.
Two-dimensional model of the bananaquit MC1R in the melanocyte
Support for this scenario is provided by the 10-fold greater membrane, with replacement substitutions from the ancestral MC1R haplotype indicated. The amino terminus is extracellular.
difference in substitution rate for mtDNA in comparison to MC1R, as measured between bananaquits and the Tangara cucullata outgroup. Furthermore, the branch that connects the GSV/PR/Panama common mtDNA ancestor to are no MC1R yellow-allele synapomorphies that permit the GSV/PR ancestor on the mtDNA phylogeny has seven the phylogeographic separation of the three regional popsubstitutions, suggesting that the rate of this lineage diverulations. Nevertheless, some evolutionary independence gence exceeded the MC1R substitution rate. Compoundof the three populations is strongly suggested by the ing the difference in the evolutionary rate across the MC1R MC1R haplotype network, which establishes that most and mtDNA markers is their 4-fold difference in effective yellow alleles are connected to haplotypes representing population size and the correspondingly slower rate of the same geographic population. This result is further MC1R coalescence. supported by F st analysis of MC1R yellow haplotypes, demonstrating that regional populations are significantly Role of selection in MC1R evolution differentiated from one another (GSV-Panama; GSV-PR;
The significant excess of synonymous to nonsynonymous Panama-PR).
substitutions among yellow haplotypes in comparison with the tanager outgroup demonstrate that the MC1R In addition to establishing the evolutionary independence gene has been under strong selective constraint in yellow of GSV, PR, and Panama bananaquit populations, the morph birds. Although the number of substitutions inmtDNA data also identify a significantly closer phylogevolved is small, the relatively high proportion of nonsynnetic relationship between GSV and Puerto Rico baonymous substitutions among melanic haplotypes sugnanaquits [18, 19] . In contrast, the MC1R yellow alleles gests that they may not be under such strong selective from GSV cluster more closely with Panama MC1R haploconstraint. One of the substitutions (alanine to valine at types. Two explanations for this discrepancy are reasonposition 91 in alleles M2 and M5) is in the second transable and cannot be distinguished based on the MC1R and membrane domain and is located close to a region implimtDNA data in hand. First, yellow morph bananaquits cated in agonist binding [21] (Figure 5 ). As gain-of-funcmay have colonized GSV relatively recently from a contition, constitutively active melanic MC1R haplotypes do nental source population similar to Panama in terms of not need to bind MSH, it is reasonable to suppose that its MC1R and mtDNA allele complement. For this scethey have fewer structural requirements than yellow hapnario to be correct, it is necessary to posit the loss of lotypes. A contrasting situation is found in humans, in the colonists' mtDNA (due to either stochastic sampling which ancestral African MC1R haplotypes are under puriprocesses, selection, or male-biased gene flow). Support fying selection, whereas selective constraint is reduced for this view is bolstered by historical records from the or lost in loss-of-function MC1R haplotypes in European late 1800s and early 1900s indicating that yellow morph populations [20] . bananaquits were uncommon on both islands but have increased in frequency since the turn of the century ( [5, Are melanic birds on GSV currently under selection? 6], and references therein).
Wunderle [5, 6] considered it unlikely that extensive eumelanin evolved as an antipredator mechanism or for thermal adaptation. However, thermal consequences of melaSecond, the apparent discrepancy noted between the phylogenetic signals carried by MC1R and mtDNA may simnism may restrict black morphs to more shaded, moist sequencing of PCR products and sequencing of plasmid clones were habitats. This does not explain, however, why yellow performed on both strands by cycle sequencing using Big Dye terminamorphs are not distributed throughout higher-elevation, tors (PE Biosystems), and reactions were run on ABI 377 sequencing moist forest, as they are on other islands in the Lesser apparatus. Sequences were edited using Sequence Navigator and Sequencher.
Antilles. Yellow and melanic morphs form narrow hybrid zones in northeastern and southwestern Grenada and CAGCATGAAGAGGA -3Ј). These primers were designed from bananaquit sequences and have not been tested on other species, except
Following this argument, we would expect yellow ba- the MC1R gene has played a general role in the evolution
McDonald-Kreitman tests [17] were performed using R ϫ C [25] , an of avian plumage, e.g., in polymorphic snow geese [22] implementation of the metropolis algorithm method for contingency tables of Guo and Thompson [26] .
and skuas [23] , similar to the one played in mammalian pelage evolution as demonstrated by studies of MC1R in
